the luminescence response measured within two minutes is dependent on both substrate and enzyme concentrations, which fits with AChE and BuChE kinetics. The usability of cluster-centered luminescence for monitoring the concentration-dependent inhibition of AChE with irreversible inhibitors is demonstrated, using a carbamylating agent, pyridostigmine bromide, as a model.
Introduction
Luminophores exhibiting metal-centered luminescence have gained increasing attention due to their unique photophysical properties, which minimize interference with biological background emissions. This makes such luminophores promising tools for biosensing. [1] [2] [3] [4] In particular, luminescent hexanuclear cluster complexes of molybdenum and rhenium with the general formula [{M 6 (μ 3 -X) 8 }L 6 ] n (M = Mo and X = Cl, Br or I; M = Re and X = S or Se; L = apical organic or inorganic ligands) have gained great attention in the past decade due to their applicability as luminescent markers and X-ray contrast agents. [5] [6] [7] [8] [9] [10] [11] [12] [13] However, their analytical applicability is not well enough documented in the literature. 2, 14 It is worth noting that the thermodynamic stability and/or kinetic inertness of the cluster core {M 6 (μ 3 -X) 8 } along with the easy ligand exchange of six apical ligands (L) are prerequisites for both low hazard and high tunability of cluster-centered luminescence. [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] Although the above-mentioned features of hexanuclear cluster complexes have a great impact on biosensing, no biosensing techniques based on cluster-centered luminescence have been reported so far. Sensing the activity of acetylcholinesterase (AChE) is of particular importance due to its crucial role in living systems in terminating the action of the neurotransmitter acetylcholine (ACh). [21] [22] [23] [24] Moreover, inhibition of AChE by various chemicals is widely applied in the detection and monitoring of carbamates and organophosphorus pesticides and chemical warfare nerve agents [25] [26] [27] and in the development of cholinesterase inhibitors for palliative treatment of Alzheimer's disease and myasthenia gravis.
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Numerous techniques have been reported for determination of cholinesterase (ChE) activity and its inhibition. Colorimetric, spectrophotometric, fluorometric, radiometric, electrochemical and potentiometric techniques have been applied to measure the acetic acid or choline produced by enzymatic hydrolysis of acetylcholine. [22] [23] [24] Taking into account pHinduced inhibition of AChE, 32, 33 measurements in buffer solutions are more widely applied in sensing enzymatic activity than determination of the released acetic acid in pH-variant media. The popular Ellman method measures AChE activity under pH invariant buffer conditions. 34 Its wide use arises from its simplicity, accuracy and low cost. Moreover, it is easily adaptable for automated analyzers or plate readers for rapid processing of large numbers of samples. 24, 35 However, interference of the chromogene 5-thio-2-nitrobenzoic acid absorption with the Soret band of hemoglobin restricts applicability of the method to whole blood samples. 36 In addition, the substrate analogue used in Ellman's method, acetyl/butyrylthiocholine, interferes with certain chemicals, in particular oximes, the ChE reactivators used in the treatment of organophosphate poisoning. The use of indoxylacetate instead of acetylthiocholine is an alternative procedure for sensing inhibition of AChE activity. 37 However, indoxylacetate is also hydrolyzed by lipases and carboxylesterases. Recently published articles devoted to fluorescent detection of AChE activity [38] [39] [40] [41] [42] are based on the use of thio-esters instead of ACh. Thus, development of new techniques to sense cholinesterase activity through monitoring ACh hydrolysis is still of great interest. Our recent work reported a nanotechnology-based fluorescent technique based on the H-function of Tb(III) complexes included in silica nanoparticles. 43 The results highlighted the main requirements for the H-function sensor for accurate and adequate determination of AChE activity. The first requirement is high sensitivity, because pH-induced spectral changes have to be monitored within the first few minutes of enzyme hydrolysis before inhibition of AChE due to pH lowering. The second requirement is a retarded ion exchange, preventing metal ion-induced inhibition of AChE. [44] [45] [46] (1) and (2)) with subsequent changes in cluster-centered photoluminescence. 47 The present work deals with the luminescence response of [{Re 6 S 8 }(OH) 6 ] 4− upon medium acidification resulting from the enzymatic hydrolysis of ACh as the basis for sensing. The work shows that time-resolved luminescence measurements at various enzyme and substrate concentrations follow the kinetics of both AChE-and BChE-catalyzed hydrolysis of ACh. 48, 49 Moreover, the applicability of cluster-centered luminescence in sensing cholinesterase inhibitors is reported. The inhibition effect is exemplified by using the drug pyridostigmine bromide (PyrBr) as a model inhibitor. 6 ]·8H 2 O (0.0075 mM), NaCl (1 mM) and AChE ( pH 8.4) was incubated for 5 minutes at 25°C. Then ACh was added, and its hydrolysis immediately monitored through cluster-centered luminescence. The AChE concentration was varied in the range 10 −9 -2 × 10 −8 M. The
ACh concentration was varied from 0.06 to 0.9 mM. The luminescence spectrum kinetics was recorded at 25°C every minute within 10 min.
Methods
Steady-state uncorrected emission spectra were recorded on a fluorescence spectrophotometer Cary Eclipse (Agilent Technologies) under aerated conditions. Excitation was at λ = 350 nm, and emission was detected at 600-650 nm, excitation and emission slits were 10 nm. pH of solutions was controlled with a Microprocessor pH meter "pH 212" (Hanna Instruments). The pH-meter was calibrated with standard aqueous buffer solutions.
ESI measurements were performed on an AmazonX (Bruker Daltonics, Germany) mass spectrometer in the negative mode. Nitrogen (15 psi) was used for desolvation and nebulization. The sample introduction rate was 0.2 mL min −1 . The ESI source conditions were as follows: capillary voltage 4500 V, capillary exit voltage −140 V, dry gas temperature 300°C. Mass spectra were acquired at an m/z range from 100 to 2000. All samples were prepared in bi-distilled water filtered through a 0.45 µm Millipore nylon membrane filter. All measurements were performed at least in triplicate at 25°C. The standard deviation of each point was about 2-3%. 
Results and discussion
Acidification effect on the cluster-centered luminescence in acetic acid solution
The response ability of the cluster-centered luminescence to acidification in acetic acid solutions is a prerequisite in developing a new sensing technique for enzymatic hydrolysis of acetylcholine. Indeed, the amount of acetic acid (or protons) produced measures the rate of ACh hydrolysis, i.e. the enzyme activity: Thus, equilibrium (2) is the fundamental principle for sensing proton release through cluster-centered luminescence. Fig. 2a (2) . Thus, linear increase in I/I 0 with acetic acid concentration up to 0.12 mM is the prerequisite for the H-function of the cluster complex under these concentration conditions. The equilibria between differently charged clusters can be shifted by interactions with counter-ions released by inorganic or biological components in the medium. Moreover, a possible apical hydroxide ligand substitution to enzyme donor groups or any anions from inorganic and/or biological background may be another cause for the background effect on the H-function of the cluster. Thus, monitoring the enzymatic hydrolysis through cluster-centered luminescence should be preceded by evaluation of the effects of inorganic, organic and biological background on the luminescence response in acetic acid solutions. For this reason, I/I 0 values were determined in acetic acid solutions following addition of ChCl, ACh and AChE in NaCl (1 mM) solution. I/I 0 was increased with acetic acid concentration, although the increase was affected by the presence of ACh, ChCl and AChE ( plots 2-4 in Fig. 2b ). In particular, the increase becomes less pronounced in the acetic acid concentration range 0-0.05 mM, while more enhanced and close to linear increase in I/I 0 is observed at 0.05-0.125 mM (curves 2-4 in Fig. 2b) . A shift of equilibria (1) and (2) for the background effect. Nevertheless, no specific influence of AChE on both luminescence and the H-function of the cluster was detected. The background effect on the H-function of the cluster becomes enhanced in more concentrated (0.1 M) NaCl solutions. The concentration profile of I/I 0 at 0.1 M NaCl lies below curves 1-4. This indicates the restricted H-function of the cluster under these conditions. Thus, NaCl concentration was maintained at 1 mM in all measurements to avoid the undesirable counter-ion effects.
Time-resolved luminescence measurements of the cluster complex solution under conditions of AChE-catalysed ACh hydrolysis
As above-mentioned, the concentration of acetic acid produced by AChE-catalyzed ACh hydrolysis is affected by pH-induced inhibition of the enzyme. 32, 33 The optimum of AChE activity is at pH 8. Activity decreases with acidification because of protonation of the catalytic triad histidine. Thus, time-resolved pH measurements during AChE-catalyzed ACh hydrolysis in the presence of the cluster complex were performed. They are represented in Fig. 3 by curve 1. Results indicate that pH drops from 8.4 to 7.0 within four minutes of hydrolysis. Curve 2 in Fig. 3 shows the change in cluster-centered luminescence intensity (I/I 0 values) with time under enzymatic hydrolysis of ACh.
The change in I/I 0 versus time, i.e., change versus the actual pH, is sigmoidal with the inflexion point after 3 minutes of hydrolysis (curve 2 in Fig. 3 ). This results from time-dependent acidification (curve 1 in Fig. 3 ) with subsequent inhibition of AChE. A comparison of curves 1 and 2 indicates that the inflexion point is around pH 7.2, which corresponds to protonation of a key group in AChE, i.e., the catalytic triad histidine. 48 The increase in I/I 0 within first 3 minutes (curve 1 in Fig. 3 ) is similar to the trend shown in Fig. 2b : dependence of I/I 0 on acetic acid concentration. This confirms that the I/I 0 values arise from enzymatic hydrolysis of ACh (Fig. 3) . Moreover, these values follow the time-dependent pH-induced inhibition of enzymatic activity. This fact raises a question about correlation between I/I 0 determined within the first minutes of ACh hydrolysis with the enzymatic hydrolysis rate.
Enzyme and substrate effects on time-resolved luminescence measurements of the cluster complex solution Fig. 4a. Fig. 4b shows the values determined within two minutes of hydrolysis versus ACh concentration. It is worth noting that experimentally observed changes in I/I 0 measured within two minutes upon increase of ACh concentration are greater than the standard deviation of I/I 0 values. Dependence of I/I 0 on ACh concentration is represented by two sets of experimental points (curves 1 and 2 in Fig. 4b ) in order to show the reproducibility of I/I 0 values. Similarity of the determined values confirms the reliability of the revealed tendency.
where k cat is the catalytic constant, [E] the enzyme concentration, and K m the Michaelis-Menten constant. The b factor refers to the effect on the k cat of a second S molecule that binds to E to form SES with a dissociation constant K ss . 48 The profile of observed dependence (Fig. 4b ) reveals the increase of I/I 0 up to 0.5 mM ACh, followed by the decrease at Scheme 2 Schematic mechanism of cholinesterase (E)-catalyzed hydrolysis of positively charged substrates (S), the factor b reflects the efficiency of product formation from the ternary complex SES. ACh concentration above 0.5 mM. This is in agreement with the above-mentioned substrate-induced activation with b = 1 and inhibition with the b < 1 kinetic model (eqn (3), Scheme 2). 48 The enzymatic hydrolysis rate of ACh is greatly affected by the enzyme nature or structure. For example, no substrateinduced inhibition is observed for BuChE-catalyzed hydrolysis of ACh within the concentration range 0.2-0.9 mM according to the kinetics of BuChE-catalyzed hydrolysis of ACh. 33 Instead, BuChE shows activation by excess substrate. The corresponding dependence of the hydrolysis rate on substrate concentration is described by eqn (3) with b > 1. Thus, similar luminescence measurements at various ACh concentrations were performed for BuChE. The time dependencies of I/I 0 are available in the ESI (Fig. S1 †) . The linear increase in I/I 0 as a function of ACh concentrations up to 0.8 mM (Fig. 5) is also in agreement with the kinetics of BuChE-catalyzed hydrolysis of ACh. 33 The effect of enzyme concentration on I/I 0 was exemplified by luminescence measurements at different AChE concentrations. I/I 0 for 0.4 mM ACh versus AChE concentration is represented in Fig. 6 , while the corresponding time-resolved measurements are presented in the ESI (Fig. S2 †) . It is worth noting that I/I 0 values measured at 0.1 mM ACh exhibit similar dependence on AChE concentration (Fig. S3 in the ESI †).
According to enzyme kinetics theory, the rate of AChE-catalyzed hydrolysis of ACh should exhibit a linear dependence on enzyme concentration. 48, 49 The plot of I/I 0 versus AChE concentration is curvilinear (Fig. 6 ). (2), the observed deviation suggests that this transformation is affected by AChE above a certain concentration of the enzyme. This tendency may result from the buffer effect of AChE, which possesses numerous basic groups (His, Lys, Arg) on the solvent-exposed surface and/or the decreased equilibrium concentration of the cluster complexes due to their interactions with the enzyme. Thus, the results highlight the correlation between the cluster-centered luminescence and activity of AChE. It is worth noting once more that certain drugs, including the carbamylating agent pyridostigmine bromide, inhibit AChE activity. 50, 51 This raises a question about the detection of inhibitory action through cluster-centered luminescence.
Inhibition of AChE by pyridostigmine bromide as monitored by luminescence
Inhibition reaction of AChE by pyridostigmine bromide (PyrBr, I) can be described by the following two-step mechanism (4).
The quick reversible complex formation (EI) is followed by carbamylation of the enzyme active serine (E′) with a reaction rate constant k 2 . The inhibition is quasi-irreversible, since slow water-mediated decarbamylation of E′ occurs with a reaction rate constant k 3 , resulting in enzyme regeneration. 50, 54 Enzyme reactivation is slow enough to be insignificant within the experimental time frame conditions. Thus, under our experimental conditions, inhibition may be considered as irreversible. Fig. 7 illustrates time dependencies of I/I 0 for AChE-catalyzed hydrolysis of ACh in the presence of different PyrBr concentrations. Results indicate the effect of inhibitor concentration on I/I 0 . Analysis of I/I 0 versus time (Fig. 7) shows slower release of acetic acid during the time course of AChE inhibition by PyrBr. Moreover, the greater the concentration of PyrBr the more the enzyme inhibited. Good correlation between I/I 0 and pH values measured at various times of the inhibition process under first order conditions, [E] ≪ [PyrBr], confirms that decrease in proton release is the cause for the observed difference in the cluster-centered luminescence response in the presence of a progressive inhibitor. The profiles of I/I 0 versus time at various PyrBr concentrations (Fig. 7) The obtained results point to adequate sensing of both activity and inhibition of AChE through the luminescence response of the hexarhenium cluster complex. To the best of our knowledge, the present work is the first report about the applicability of cluster-centered luminescence in sensing enzymatic activity.
Conclusions
The present work describes a new method for monitoring AChE-catalyzed hydrolysis of ACh through steady state luminescence of a hexarhenium cluster complex [{Re 6 S 8 }(OH) 6 ] 4− . The method is based on sensitization of cluster-centered luminescence intensity by acetic acid. The protonation of hydroxogroups without any changes in the cluster core results in significant enhancement of luminescence and excludes any rhenium-induced inhibiting effect due to the binding of rhenium cations to enzyme anionic centers. Results show a linear response of the cluster-centered luminescence to acetic acid, although the response is disturbed by background effects. Thus, specific conditions for adequate detection of acetic acid produced by AChE-catalyzed hydrolysis of ACh are highlighted. Luminescence measurements were monitored within ten minutes of AChE-catalyzed hydrolysis of ACh. The monitored luminescence detects the release of acetic acid, although measurements are affected by proton-induced inhibition of AChE. However, the luminescence intensity measured within the first two minutes of hydrolysis provides adequate sensing of ACh enzymatic hydrolysis. The measured intensity as a function of substrate concentration fits the kinetic mechanisms of AChE-and BuChE-catalyzed hydrolysis of ACh. The applicability of the cluster-centered luminescence in monitoring pyridostigmine-induced inhibition of AChE provides evidence that cluster-centered luminescence is a facile technique for fast and sensitive detection of any inhibitor of cholinesterases.
